Optical coherence tomography (OCT) in the 1060 nm range is interesting for in vivo imaging of the human posterior eye segment (retina, choroid, sclera) due to low absorption in water and deep penetration into the tissue. Rapidly tunable light sources, such as Fourier domain mode-locked (FDML) lasers, enable acquisition of densely sampled three-dimensional datasets covering a wide field of view. However, semiconductor optical amplifiers (SOAs)-the typical laser gain media for swept sources-for the 1060 nm band could until recently only provide relatively low output power and bandwidth. We have implemented an FDML laser using a new SOA featuring broad gain bandwidth and high output power. The output spectrum coincides with the wavelength range of minimal water absorption, making the light source ideal for OCT imaging of the posterior eye segment. With a moderate SOA current (270 mA) we achieve up to 100 nm total sweep range and 12 µm depth resolution in air. By modulating the current, we can optimize the output spectrum and thereby improve the resolution to 9 µm in air (∼6.5 µm in tissue). The average output power is higher than 20 mW. Both sweep directions show similar performance; hence, both can be used for OCT imaging. This enables an A-scan rate of 350 kHz without buffering the light source output.
INTRODUCTION
Optical coherence tomography (OCT) in the 1060 nm range is interesting for imaging the human retina and the underlying layers (choroid, sclera). [1] [2] [3] In this range, absorption by water is lower than at 1300 nm, whereas scattering in tissue and absorption by melanin in the retinal pigment epithelium are lower than at 800 nm, which enables a long penetration depth. Swept source OCT (SS-OCT) systems available at 1060 nm allow ultra-high imaging speeds if an appropriate rapidly tunable light source is used. For instance, with a state-of-the-art Fourier domain mode-locked (FDML) laser, 4 densely sampled 3D dataset covering a wide field of view can be acquired within a few seconds.
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The typical gain media for swept sources are semiconductor optical amplifiers (SOAs) which feature fast gain dynamics-enabling rapid wavelength tuning-and a broad gain bandwidth. These factors are important for OCT in order to achieve high imaging speeds and good depth resolution. Whereas SOAs for the telecommunication bands (1310 nm, 1550 nm) are well developed, SOAs for the 1060 nm range have been lacking output power, small-signal gain and gain bandwidth. Until recently, commercially available fiber-coupled modules enabled tuning ranges up to 80 nm in a fiber-based swept source setup (e.g. an FDML resonator) with an output power up to ∼10 mW.
New SOAs have become available with a gain bandwidth spanning most of the low water absorption range around 1060 nm. Using such a broadband SOA, we have constructed an FDML laser that supports a sweep range up to 100 nm. With constant pump current, we achieve an axial resolution of 12 µm in air, and by shaping the spectrum with current modulation, we can improve the resolution to 9 µm in air (∼6.5 µm in tissue). The spectrum coincides perfectly with the range of low water absorption, hence there is no significant degradation of the axial resolution due to the surrounding absorption bands. The performance is almost equal for the two sweep directions, hence an OCT depth scan rate of 350 kHz is possible without buffering the light source output. With an automatic control algorithm, we compensate thermal drift of the tunable filter during the measurement period. With these features, we can demonstrate a high-speed swept source yielding high axial resolution in a simple and robust all-fiber configuration.
SETUP
Our swept source setup (Fig. 1) is a standard FDML ring-resonator comprising a single SOA (Exalos ESO330004), a Fabry-Perot tunable filter (Lambdaquest) with 180 pm linewidth (FWHM), and a 1155 m long delay line made of standard single-mode fiber (Corning SMF28). The resulting resonator round-trip frequency matches the maximum feasible operating frequency of the tunable filter, 175 kHz. Broadband isolators ensure unidirectional lasing, and a polarization controller corrects for polarization rotation in the fibers. 70% of the light are coupled out of the resonator. For the characterization, we extract the light directly after the SOA, in order to monitor its output power directly. If the swept source is used with an interferometer causing strong backreflections, one isolator can be moved between the SOA and the output coupler. This does not affect the laser operation, but reduces the net output power by approximately 2 dB.
We operate the SOA with a special diode driver (Wieserlabs WL-LDC 10D) that permits modulation of the pump current with 15 MHz analog bandwidth. The tunable filter drive signal (sine wave and bias) as well as the current modulation waveform are synthesized by an arbitrary waveform generator controlled by a computer. The computer receives the signal from a 125 MHz photodetector for monitoring the instantaneous output power of the light source. In a LabView program running on the computer, we have integrated full control over the tunable filter and the SOA current, power monitoring, spectral shaping and automatic correction of the tunable filter bias.
For shaping the light source spectrum, we use an iterative algorithm originally developed by Biedermann et al.
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It receives the photodetector signal as input data, and it can upload waveform data for the current modulation to the waveform generator. Starting with constant current, the algorithm compares the photodetector signal with the target shape and adjusts the modulation waveform accordingly. This step is repeated until the integrated difference between actual shape and target shape falls below a preset threshold. With appropriate settings, the algorithm terminates after 5 to 10 iterations each taking a few seconds.
Once the current modulation waveform has been calculated, a stable sweep of the tunable filter is crucial. Even a small shift of the sweep range caused by thermal drift of the piezo-actuators would lead to a distortion of the spectral shape. We compensate for the drift with an algorithm that automatically adjusts the filter bias voltage, thereby enabling hands-off operation of the swept source over an extended period. After spectral shaping, the bias control algorithm continues to monitor the instantaneous power of the light source several times per second and detects deviations from the target shape. From the difference, it calculates an error value which it minimizes by adjusting the filter bias voltage. With this implementation, we need no additional hardware for the bias control, because we are using the photodetector and the waveform generator, which controls the filter voltage, also for spectral shaping.
For evaluation of the light source performance, we generate interferograms using a Mach-Zehnder interferometer (MZI) with dual balanced detection and calculate the FWHM of the corresponding point spread functions (PSFs) as a measure for the OCT depth resolution.
RESULTS
Even with a moderate constant pump current of 270 mA, the used SOA can support continuous lasing over a sweep bandwidth up to 100 nm in the fiber-ring resonator (Fig. 2) , with an average output power of 24-25 mW. The instantaneous power spectrum has a peak on the long-wavelength side and a flat tail extending to the short wavelengths (Fig. 3 a) which is typical for SOA-based swept sources. The same features can be seen in the corresponding MZI-signal (Fig. 3 b) . After linearization, the peak has an FWHM of 15 THz (∼55 nm), and PSFs generated with this spectrum yield an axial resolution of 12 µm in air. Remarkably, the power difference between forward and backward sweep (i. e. from short to long wavelengths and vice versa) is very low. Obviously, the SOA can reach the saturation regime in both sweep directions, due to sufficiently high gain.
By modulating the SOA pump current synchronously with the wavelength sweep, we can improve the achievable axial resolution. With constant current, the flat tail of the spectrum can cover a considerable part of the total sweep range, but it does not significantly improve the axial resolution. A more homogeneous power distribution over the sweep range can yield higher axial resolution for a given total bandwidth. We achieve good results with a Gaussian peak truncated at the 10%-points on top of a constant baseline that ensures laser operation above threshold during the entire sweep. With approximately 30 mW peak power and 20 mW baseline (Fig. 3 c) , we measured 23 mW average power and an axial resolution of 9 µm in air.
The relatively high baseline may not result in a PSF with optimal side-lobe suppression, but it has practical advantages. Reference interferograms from the Mach-Zehnder interferometer have high amplitude over the entire sweep range (Fig. 3 d) . This enables reliable extraction of the phase curve for frequency linearization. In image data, the side-lobe suppression can be flexibly adjusted by numerical apodization of the A-scan interferograms.
After the spectral shaping, both sweep directions have equal power profiles. Hence both sweeps can be used for OCT imaging, as we confirm with test images (Fig. 4) . We imaged 3 layers of adhesive tape on paper and split the data into two images, one consisting of the forward sweep A-scans and the other consisting of the backward sweep A-scans. Comparison of the to images does not reveal a visible difference in image quality. In the imaging setup, we measured a sensitivity of 95-96 dB with the forward sweep and about 94 dB with the backward sweep.
The sensitivity roll-off is relatively fast, as plotted PSFs show (Fig. 5) , because the fiber delay line exhibits strong chromatic dispersion in the 1060 nm range. 8 We calculate the roll-off for a short probing depth with a linear fit to the PSF peaks for z ≤ 1 mm (Tab. 1). The roll-off is faster with spectral shaping, and in both cases faster for the backward sweep. This residual asymmetry between the two sweep directions is a combined effect of the frequency-shift in the SOA 9 and chromatic dispersion in the fiber resonator.
10 Table 1 . Sensitivity roll-off (in dB/mm) for 1 mm probing depth.
forward backward constant current 6.8 8.0 modulated current 7.8 9.6
Although a slower roll-off is preferable, the FDML laser can be used for imaging the retina, which is only a few hundred micrometers thick. Other swept sources and spectrometer-based systems with similar roll-off have been successfully applied for this purpose. 5, 11 However, an improvement of the roll-off by adequate dispersion compensation would be beneficial for the practical application. It would allow imaging of structures spanning a longer depth range, increase the tolerance for adjusting the reference path length, and reduce or even eliminate the residual asymmetry of the roll-off for both sweep directions.
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The sweep spectrum is centered approximately at 1065 nm and coincides thus perfectly with the local minimum in the water absorption spectrum (Fig. 2) . The axial resolution is hence minimally impaired by the surrounding water absorption bands. To verify this, we have simulated a double-pass through a human eye by placing a 50 mm thick water-filled glass vessel into one arm of the Mach-Zehnder interferometer. Although the interferogram amplitude is attenuated, the envelope shape does not change significantly. With constant SOA current, the resulting PSF is still 12 µm wide. By modulating the SOA pump current, we can again obtain the improved resolution of 9 µm.
SUMMARY
Using a new broadband SOA, we implemented an FDML swept source for the 1060 nm wavelength band featuring a sweep range up to 100 nm and more than 20 mW average output power. By modulating the drive current, we optimized the power spectrum and improved the axial resolution by 25% to 9 µm in air. Both sweep directions exhibit similar performance, and can be used for OCT imaging, enabling a depth scan rate of 350 kHz without buffering the output. Due to the center wavelength close to 1065 nm, the depth resolution is minimally affected by water absorption, making this light source well-suited for retinal imaging. An important direction for future development is the improvement of the fast sensitivity roll-off. The most promising approach would be compensation of chromatic dispersion in the fiber resonator, as soon as it is technically possible in the 1060 nm range.
